For the purpose of extending the theoretical interpretation of the large-scale equatorial waves discovered by Yanai and Maruyama (1966), a three-dimensional linearized primitive equation model of unstable waves is constructed on an equatorial beta plane.
Introduction
In the power spectral analysis of large-scale disturbances over the Tropical Pacific in 1962 by Yanai et al. (1968) a sharp spectral peak of wind disturbances was observed in the period range of 4 to 5 days throughout the levels from the lower troposphere to the lower stratosphere. The peak in the upper troposphere and the lower stratosphere was associated with predominant wave length of 10,000 km and a westward tilt of phase lines. The power spectral density attained its maximum near or below the tropopause over the equator and decreased with height in the stratosphere. It was suggested that the large-scale waves in the upper troposphere are connected with the large-scale westward moving waves in the equatorial lower stratosphere which had * Division of Meteorology , Contribution No. 182 previously been discovered and analyzed by Maruyama (1966, 1967) and by Maruyama. (1967 Maruyama. ( , 1968 Maruyama. ( a, 1968 . Subsequently Yanai and Hayashi (1969) confirmed this interpretation by extending the above power spectral analysis and by an additional synoptic analysis. They also showed by a cross-spectral analysis that the kinetic energy of the large-scale waves in the stratosphere is supplied by the waves in the upper troposphere. The spectral peak in the lower troposphere appeared to have an average wavelength of 6,000 km in the analysis of Yanai et al. (1968) . However, according to the further analysis by Nitta (1970 a) , it is associated with two different: local wavelengths of the order of 10,000 km and 5,000 km in the eastern and the western part of the observed Pacific area respectively. Thus it is likely that Yanai-Maruyama waves are connected also with these larger-scale waves in the lower troposphere, upon which are superimposed the smaller-scale classical Easterly Waves in the western Pacific.
Meanwhile another mode of large-scale waves were found in the equatorial stratosphere by Wallace and Kousky (1968 a) . These waves are charaterized by the absence of a meridional wind component and were identified as Kelvin waves in Matsuno's theory (1966) by Holton and Lindzen (1968) .
Theoretical neutral wave models of equatorial disturbances were first presented by Rosenthal (1965) and Matsuno (1966) independently. They solved the tidal equation employing the equatorial beta-plane approximation and showed the possibility of the existence of large-scale neutral waves trapped near the equator. Maruyama (1967) synoptically identified his observed waves as mixed Rossby-gravity waves in Matsuno's theory (1966) and polinted out that their phase speed is consistent with the frequency equation of Rosenthal (1965) . In the same paper Maruyama showed that upward transport of momentum is inferred from the observed wind and temperature pattern and later confirmed it by a cross-spectral analysis (Maruyama, 1968 b) . Lindzen (1967) discussed in his three-dimensional isothermal model the range of period and wavelength in which vertically propagating waves may exist. Furthermore Lindzen and Matsuno (1968) interpreted Yanai and Maruyama waves which have a westward tilt of vertical phase lines as oscillations forced from below and suggested the upward transport of momentum theoretically. Hayashi (1969) extended the isothermal model of Lindzen into a generally stratified atmospheric model and tried to simulate the observed waves assuming that they are forced by some external heating in the troposphere.
However, these neutral wave models without energy dissipation neither simulate the observed amplitude decrease with height in the stratosphere nor the vertical structure in the troposphere. They do not describe the nature of energy source or explain why, among various modes and periods of internal waves, some particular waves are clearly observed. One plausible answer to this selection may be found in the two-layer model of Mak (1969) who claimed that the equatorial region has its own resonant period of about 5 days and that wave energy is absorbed from middle latitudes.
Another possible answer may be found in the recent work of Yamasaki (1969) (Yamasaki, 1969) .
2) Negative heating for -ƒÖ'(900 mb)<0 means that a heat release is less than its average where the vapor diverges.
Basic equations
The linearized primitive equations of motion on an equatorial beta-plane are 
/dp v(y) dƒÖ(p)/dp ƒÓ(y) ƒÖ(p) ƒÓ(y) dƒÖ(p)/dp -ƒÓ(y) 
where ƒÊr was difined as positive by (3-6). oscillations reflected by the upper boundary. It is remarked in this connection that the wellknown external free oscillation of an isothermal atmosphere (see Siebert, 1961) will not be destabilized because their vertical velocity vanishes identically due to w'= 0 at the surface.
Heating parameter for simulating Yanai and Maruyama waves
For the purpose of simulating Yanai and Maruyama waves numerically we shall use the static stability calculated from the mean temperature observed in the tropical Pacific during the period from April through July in 1962, which is shown in Fig. 3 . After several trials an optimum profile of the heat parameter happened to coincide with Heating Case Ha in the paper of Yamasaki (1969) which is shown by the righthand side profile in Fig. 4 . Fig. 4 also shows the vertical profile of latent heat released in a unit volume of air per unit time which is derived from (2-1) and (2-2) as We shall here summarize the role of complex equivalent depth in equatorial waves so far discussed in Table 1 and Table 2 , which are selfexplanatory.
From Table 2 we confirm the physically reasonable relation that only such waves that transport energy upward in the stratosphere may grow.
Frequency and growth rate diagram
Fig . 5 shows the frequency and the growth rate in the absence of friction as a function of wavelength calculated from the frequency equation (4-5) for the value of the equivalent depth (3-23). The frequency diagram (left) retains the same feature as that of Matsuno (1966) •
We shall put kf=ky=0 because they are not well known. Kuo, 1956; Charney and Drazin, 1961; Wallace and Holton, 1968) . where it is required by (6-5) that the mean wind and temperature shall always remain in thermal wind balance.
Fig
As a boundary condition we assume that the normal component of the induced meridional circulations vanishes at the boundaries which are placed at 34-km and 0-km level and 300 latitudes where the eddy forcing terms almost vanish. The grids are placed at every 1 km and 1 degree. Fig. 14 shows the meridional circulations induced by Mixed Rossby-gravity waves. The circulation seems to occur in such a way as to counteract the effect of the poleward heat flux by adiabatic warming or cooling. The combined effect results in warming of the equator and cooling of higher latitudes in the lower stratosphere. Fig. 15 shows each term of the momentum balance equation (6-3) for n = 0 mode waves. The dotted and the solid lines show the regions of easterly and westerly acceleration respectively. Slanting arrows show f v. Rossby-gravity waves, Kelvin waves accelerate a westerly zonal flow by the sole effect of vertical convergence of westerly momentum. It is remarked that as far as the wave structure is concerned, the observed waves are not necessarily interpreted as unstable free oscillations.
Even if we had assumed the heating as one component of externally given random forcings, the same structure would have been obtained so long as we include Newtonian cooling which also makes the equivalent depth complex. In order to explain wave selection for forced waves it is tempting to resort to a resonance with free oscillations.
However it is controversial whether such pure internal free oscillations are spurious ones resulting from the reflection at the upper lid.
It should be admitted that the present model is not yet satisfactory from the viewpoint of wave selecion, since mixed Rossby-gravity waves and Kelvin waves have no preferred scale and gravity waves are the most unstable.
In this respect this model must be further improved. The parameterization of latent heat release adopted in this model is by no means unique. The author is currently investigating another possibility which may alleviate these defects.
We remark that equatorward flux of energy is expected also from Mak's theory (1969) . In our model, however, energy flux entering from middle latitudes is negligible due to the assumed decaying boundary condition.
Observationally energy flux entering from middle latitudes is small in the lower stratosphere (Yanai and Hayashi, 1969) , while it is large in the upper troposphere especially in the period range longer than 7 days (Nitta, 1970b) . According to the recent numerical experiment of tropical circulations by Manabe et al. (1970) , equatorial disturbances are much more enhanced by the release of latent heat than only by lateral coupling. It will be important to assess the relative importance of energy sources observationally.
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